Although the toxin 6-hydroxydopamine (6-OHDA) is utilized extensively in animal models of Parkinson's disease, the underlying mechanism of its toxic effects on dopaminergic neurons is not completely understood. We examined the effects of 6-OHDA on the CNS-derived tyrosine hydroxylase expressing B65 cell line, with particular attention to the regulation of the extracellular signal-regulated protein kinases (ERK). 6-OHDA elicited a dose-dependent cytotoxicity in B65 cells. Toxic doses of 6-OHDA also elicited a biphasic pattern of ERK phosphorylation with a prominent sustained phase, a pattern that differed from that observed with hydrogen peroxide (H 2 O 2 ) treatment. 6-OHDA-elicited ERK phosphorylation was blocked by PD98059, an inhibitor of the upstream mitogen activated protein kinase kinase (MEK) that phosphorylates and activates ERK. PD98059 also conferred protection against 6-OHDA cytotoxicity, but did not affect H 2 O 2 toxicity in B65 cells. These results suggest that ERK activation plays a direct mechanistic role in 6-OHDA toxicity, rather than representing a protective compensatory response, and raise the possibility that abnormal patterns of ERK activation may contribute to dopaminergic neuronal cell death.
Parkinson's disease, de®ned clinically by the triad of tremor, bradykinesia, and rigidity, is a common neurodegenerative disease. Although Parkinson's disease may affect younger individuals with speci®c genetic susceptibilities, the majority of cases occur sporadically in the aging population and lack a well-de®ned etiology (Moghal et al. 1994) . The neuropathologic ®ndings of Parkinson's disease are characterized by selective neuronal death affecting the locus ceruleus, dorsal motor nucleus of vagus, nucleus basalis of Meynert and, most importantly, the dopaminergic neurons of the substantia nigra pars compacta (SNpc) (reviewed in (Lang and Lozano 1998) . It is the loss of the striatal projections from the SNpc neurons that is believed to result in the majority of symptoms in Parkinson's disease. The mechanisms leading to neuronal cell death in Parkinson's disease remain unclear.
Insight into potential mechanisms contributing to neurodegeneration in Parkinson's disease has been gained from animal models of Parkinson's disease. One such model involves the neurotoxin 6-hydroxydopamine (6-OHDA). 6-OHDA is a dopamine analog that readily undergoes nonenzymatic oxidation producing hydrogen peroxide (H 2 O 2 ), superoxide, and hydroxyl radical at physiologic pH (Cohen and Heikkila 1974) . Moreover, intrastriatal injections of 6-OHDA result in a parkinsonian pattern of neuronal loss in rats (Ungerstedt 1968) . Although used as an exogenous neurotoxin in this model, there is evidence suggesting that 6-OHDA can be formed from dopamine in vivo. The neurons within the SNpc contain increased iron in Parkinson's disease (Hirsch et al. 1991) . In addition, the activities of catalase and glutathione peroxidase, the major enzymes responsible for the elimination of H 2 O 2 , are reduced in Parkinson's disease brains (Ambani et al. 1975; Kish et al. 1985) . In the presence of free ferric iron and H 2 O 2 , the major product of dopamine oxidation has been reported to be 6-OHDA (Jameson and Linert 2000) . Indeed, 6-OHDA is elevated in the urine of Parkinson's disease patients treated with levodopa (Andrew et al. 1993) , suggesting that 6-OHDA may play a role in parkinsonian disease progression.
Although many lines of data support the role of oxidative mediators in 6-OHDA-induced neurotoxicity, the exact mechanisms by which 6-OHDA elicits its neurotoxic effects have yet to be fully elucidated. Mice that overexpress superoxide dismutase show protection from intraventricular injections of 6-OHDA (Asanuma et al. 1998) . 6-OHDA can inhibit mitochondrial complex I activity (Glinka and Youdim 1995) , potentially contributing to increased mitochondrial superoxide generation. In addition, other nonmitochondrial mechanisms may also contribute to 6-OHDA toxicity. Activation of c-Jun N-terminal kinase (JNK) occurs in response to 6-OHDA in the dopaminergic MN9D cell line (Choi et al. 1999) . JNK is a member of the mitogenactivated protein (MAP) kinase family, protein serine/ threonine kinases that play critical roles in cellular responses to a wide range of extracellular stimuli. JNK, p38 MAP kinase, and extracellular signal-regulated kinases (ERK) comprise the three major classes of MAP kinases. The dynamic balance between branches of the MAP kinase family is believed to regulate neuronal decisions to live or die in response to stressors (Xia et al. 1995) . In particular, ERK activation may play a pivotal role.
Many neuroprotective\neurotrophic factors activate receptor tyrosine kinases. A major mechanism by which these kinases transmit signals is through ERK, which undergoes a dual phosphorylation event leading to its activation (reviewed in Segal and Greenberg 1996) . ERK activation appears to antagonize apoptotic pathways in some cell systems (Xia et al. 1995; Holmstro Èm et al. 1998) . Several recent studies, however, indicate that ERK activation may also play a pathologic role in neurons exposed to increased oxidative stress (Oh-hashi et al. 1999; Stanciu et al. 2000) . The effects of 6-OHDA upon ERK signaling pathways are unknown.
This study was designed to investigate the role of ERK activation in neuronal cell responses to 6-OHDA. The rat CNS-derived B65 cell line exhibits electrically excitable membranes that can produce regenerative action potentials, expresses tyrosine hydroxylase and neuronal markers, binds a-neurotoxin, and extends neurites in response to low serum or dibutyral cAMP (Schubert et al. 1974) . 6-OHDA elicited sustained ERK phosphorylation in B65 cells that could be inhibited by the MEK inhibitor PD98059. PD98059 also conferred signi®cant protection against 6-OHDA cytotoxicity. These effects appeared speci®c to 6-OHDA, as they could not be recapitulated with comparable doses of H 2 O 2 . These results suggest that abnormal patterns of ERK activation may contribute to mechanisms of dopaminergic neuron death relevant to Parkinson's disease.
Materials and methods
Chemical reagents (except where speci®ed) were purchased from Sigma (St Louis, MO, USA).
Cell culture
Cell culture reagents were purchased from BioWhittaker (Walkerville, MD, USA). Cell culture plates were purchased from Corning (Acton, MD, USA). B65 cells were the kind gift of Dr David Schubert of the Salk Institute (Schubert et al. 1974) . B65 cells were maintained in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10 mm HEPES, 2 mm l-glutamine, and 10% heat-inactivated fetal calf serum (FCS; DH10). Cells were plated at a density of 140 cells/mm 2 for all experiments and grown for 2 days prior to use at 378C in a humidi®ed incubator with 5% CO 2 .
Toxicity assays 6-OHDA was prepared fresh for each assay in ice-cold 0.05% (wt/vol) ascorbate. H 2 O 2 was diluted in water. The concentration of the H 2 O 2 stock solution was con®rmed by measuring the absorbance at 240 nm using the extinction coef®cient of 0.0437 cm/mm 21 . Cell injury in response to 6-OHDA and H 2 O 2 was determined using two independent methodologies: Lactate dehydrogenase (LDH) release assay Release of LDH into the culture medium was determined using the Sigma 340-UV LDH detection system. Brie¯y, B65 cells, grown in a 96-well plate format, were exposed to the varying concentrations of 6-OHDA, H 2 O 2 , or vehicle for 18±20 h. Following visual inspection and gentle centrifugation (5 min, 225 g), aliquots were obtained from the supernatant. An equal volume of 2% (v/v) Triton X-100 was added to the wells and cells were lysed using vigorous pipetting. LDH activities in supernatant and lysate were determined by measuring the decrease in absorbance at 340 nm associated with reduction of pyruvate in a linear velocity reaction (Wroblewski and LaDue 1955) . Levels of LDH released into the supernatant were expressed as percent of total LDH activity.
MTS assay
The CellTiter 96 Aqueous non-radioactive cell proliferation assay (Promega, Madison, WI, USA), which measures the conversion of the tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (MTS), was used as follows: Twenty microliters of a 1 : 20 mixture of PMS (phanazine methsulfate): MTS was added to each well of a 96-well plate containing treated cells in a ®nal volume of 100 mL of media. The A 490 was determined immediately following addition of PMS : MTS, and again following a 4-h incubation of the cells at 378C, with the change in absorbance representing enzymatic conversion of tetrazolium to formazan. For experiments utilizing 6-OHDA, each concentration of 6-OHDA utilized had its own background control (media plus 6-OHDA in the absence of cells), since superoxide radicals generated by 6-OHDA may react directly with tetrazolium dyes such as MTS (Sutherland and Learmonth 1997) . Using these controls, we determined that little to no further superoxide was generated by 6-OHDA following overnight incubations. Assay conditions were thus selected to minimize this non-enzymatic contribution. All data are expressed as a percentage of control values obtained from cells treated with vehicle alone.
MEK inhibitor experiments PD98059 (Cell Signaling, Beverly, MA, USA) was prepared as a 50-mm stock in 100% dimethylsulfoxide (DMSO). Thirty minutes prior to the addition of 6-OHDA or H 2 O 2 , cells were exposed to fresh DH10 media containing: (a) 50 mm PD98059, (b) 0.1% DMSO (concentration of vehicle present in PD98059 treated cells), or (c) no additional additives.
Cell lysates and immunoblotting
Cell lysates were obtained at various time points using lysis buffer containing 0.1% Triton X-100 and a protease/phosphatase inhibitor cocktail as previously described (Chu et al. 1997) . For pulse-chase experiments, the pulse of 6-OHDA was terminated by aspiration of the media containing 6-OHDA, washing once with the same volume of fresh DH10, and then growing the cells in fresh DH10. Equal amounts of protein, as determined by Coomassie Plus Protein Assay (Pierce, Rockford, IL, USA), were subjected to electrophoresis through 5±15% polyacrylamide gels under reducing conditions (Chu and Pizzo 1993) , and transferred to Immobilon-P membranes (Millipore, Bedford, MA, USA). The membranes were blocked for 2 h with 5% non-fat dry milk in 20 mm potassium phosphate, 150 mm potassium chloride, pH 7.4 containing 0.3% (w/v) Tween-20 (PBST) and then probed overnight at room temperature (258C) with an activation-speci®c antiphospho-ERK antibody, which only recognizes ERK that is phosphorylated on both Y202 and T204 (Cell Signaling, Beverly, MA, USA; diluted 1 : 2000 in PBST), followed by incubation with HRP-conjugated sheep±anti-mouse IgG (Amersham, Piscataway, NJ, USA). Antibody detection was carried out using an ECL detection kit (Amersham, Piscataway, NJ, USA). Blots were then stripped as previously described (Chu et al. 1997) , and reprobed with antitotal ERK kinase (Upstate Biotechnology, Lake Placid, NY, USA) (1 : 10 000, 1 h, room temperature, 1% non-fat milk in PBST) followed by incubation with HRPconjugated donkey anti-rabbit IgG (Amersham, Piscataway, NJ, USA) and ECL detection. Speci®city of the antisera were con®rmed by substitution of non-immune antisera for the primary antibodies, and by inclusion of control lanes containing lysates from a ®broblast-line treated with known activators of ERK phosphorylation (Chu et al. 1997) . Densitometric analysis of blots was performed using the electrophoresis documentation and analysis system 120 (Kodak, Rochester, NY, USA).
Results

6-OHDA toxicity in B65 cells
Exposure of B65 cells to 6-OHDA resulted in dosedependent cell injury. Incubation of B65 cells overnight in the presence of 6-OHDA resulted in cell injury as detected by either increased amounts of LDH released from the cells or decreased ability of the cells to metabolize the tetrazolium dye MTS (Fig. 1a) . H 2 O 2 , a potential Fig. 1 Cytotoxicity of 6-OHDA and H 2 O 2 in B65 cells. B65 cells were exposed to (a) 6-OHDA or (b) H 2 O 2 for 18±20 h. Cell injury was determined by measuring LDH activity released into the media (W) or by altered MTS metabolism (X). Values were normalized to total LDH activity or the A 490 of vehicle treated control cells, respectively, as described in the Materials and methods section. Each value represents the mean of triplicate wells^SE. Each experiment was performed independently at least three times. Representative plots are illustrated. Fig. 2 Dose±response study of ERK activation in B65 cells. Cells were treated with the indicated mM concentrations of 6-hydroxydopamine (6-OHDA), H 2 O 2 (H 2 O 2 ) or vehicle (0.05% ascorbate for 6-OHDA, water for H 2 O 2 ) for 18 h. The cells were then lysed and equal amounts of protein (20 mg) were subjected to immunoblot analysis using an antibody speci®c for activated dually phosphorylated ERK (top, P-ERK). The blots were then stripped and reprobed with antibody against total ERK (bottom, T-ERK). Blots depicted are representative of eight independent experiments. byproduct of 6-OHDA metabolism (Cohen and Heikkila 1974) , also exhibited a dose-dependent toxicity in B65 cells (Fig. 1b) . The EC 50 for 6-OHDA and H 2 O 2 under these conditions were 573^41 and 880^35 mm, respectively (mean^SEM, 10 independent experiments for each reagent). For subsequent experiments, the concentrations of 6-OHDA and H 2 O 2 utilized were based upon the dose± response curves for the cell passage used. Fig. 3 Kinetics of ERK activation in B65 cells in response to 6-OHDA and H 2 O 2 . (a) Cells treated with 500 mM 6-hydroxydopamine (6-OHDA) or 1 mM H 2 O 2 (H 2 O 2 ) for the indicated times (minutes) were lysed and equal amounts of protein (50 mg) were subjected to immunoblot analysis using antibody against the activated form of ERK (top, P-ERK). The blots were then stripped and reprobed with antibody against total ERK (bottom, T-ERK). Lanes designated with * were harvested following an overnight (16 h) incubation. Lanes designated with ± were treated with the appropriate vehicle (0.05% ascorbate for 6-OHDA, water for H 2 O 2 ). (b) Cells were treated with either 1000 or 500 mM 6-OHDA or 1 mM H 2 O 2 for the indicated time (hours) then subjected to immunoblot analysis as in (a). (c) Immunoblots from cells treated with 1000 mM 6-OHDA were subjected to densitometric analysis, and the data for the ERK1 (top panel) and ERK2 (bottom panel) isoforms from a representative time-course is shown. Closed circles (X) represent the relative band intensity of phosphorylated ERK/total ERK elicited by 6-OHDA; open circles (W) represent the phosphorylated ERK/total ERK ratio observed in vehicle-treated cells. Cells treated with only fresh DH10 exhibited a pattern of ERK phosphorylation similar to that seen with the vehicle controls. (d) Immunoblots from cells treated with 500 mM 6-OHDA and 1 mM H 2 O 2 were subjected to densitometric analysis, and the data for the ERK1 (top panel) and ERK2 (bottom panel) isoforms from a representative time-course is shown. Closed circles represent the relative band intensity elicited by 6-OHDA while open circles represent the relative band intensity elicited by H 2 O 2 . Data are expressed as the ratio of phosphorylated ERK to total ERK elicited by the oxidizing agents (pERK/tERK-OX) normalized to the ratio of phosphorylated ERK to total ERK elicited in vehicle treated cells (pERK/tERK-V). Data shown in panels A-D are representative compilations of 10 independent time-course experiments.
Sustained ERK activation by 6-hydroxydopamine 1061 ERK phosphorylation elicited by 6-OHDA Immunoblot analysis of cell lystates from B65 cells following an overnight exposure to 6-OHDA revealed strong induction of ERK phosphorylation affecting both the ERK1 (p44) and ERK2 (p42) isoforms (Fig. 2) . The level of ERK activation was dose-dependent, with sublethal doses showing little ERK phosphorylation and lethal doses showing the greatest amount of ERK phosphorylation. This pattern of ERK phosphorylation did not appear to be a general response to cell injury or H 2 O 2 generation since similar effective concentrations of H 2 O 2 were not effective at eliciting ERK phosphorylation following overnight incubation (Fig. 2) . Although 6-OHDA has not been reported to bind any known dopamine receptors, D 2 dopamine receptor stimulation may result in ERK activation (Cai et al. 2000) . Potential ligation of dopamine receptors by 6-OHDA did not contribute to these observations, however, as concentrations of up to 1 mm dopamine failed to elicit ERK phosphorylation.
Kinetics of 6-OHDA elicited ERK phosphorylation
In an attempt to better de®ne the nature of 6-OHDAmediated ERK activation in B65 cells, an analysis of the kinetics of ERK phosphorylation was performed. Although the kinetics of ERK phosphorylation following 6-OHDA treatment were slightly variable with different passages of B65 cells, a biphasic response with an intense early phosphorylation by 15 min, a decrease towards baseline levels at 60±90 min, followed by a second, sustained phase of phosphorylation was consistently observed (Fig. 3) . Separate studies indicate that the initial phase of ERK activation may occur as early as 5 min after application of 6-OHDA. This phosphorylation response was not observed with vehicle-treated cells (Fig. 3c) or with cells treated with fresh media alone, indicating that this observation was not simply an effect of fresh media. In contrast to 6-OHDA, H 2 O 2 , gave a unimodal response that was not sustained (Fig. 3) . The sustained phase of 6-OHDA-mediated ERK phosphorylation peaked within 2±4 h of treatment and, unlike that observed following H 2 O 2 treatment, remained substantially elevated above that observed in the vehicle control throughout the time course of the experiment (Figs 3c and d) .
The continued presence of phosphorylated ERK elicited by 2±26 h exposures to 6-OHDA contrasts strikingly with growth factor receptor-mediated ERK phosphorylation, for which down-regulating systems rapidly terminate the response even in the continued presence of ligand. Because 6-OHDA undergoes fairly rapid auto-oxidation at physiologic pH (Cohen and Heikkila 1974) , we wished to de®ne the minimum duration of 6-OHDA exposure that would elicit sustained ERK phosphorylation. Pulse-chase experiments showed that in order to elicit sustained ERK Fig. 4 Pulse-chase studies comparing ERK phosphorylation and cytotoxicity. (a) Cells were pulsed with 1 mM 6-hydroxydopamine (6-OHDA) for the indicated times (hours) at which time 6-OHDA was removed. The cells were washed with DH10 and then incubated in fresh DH10 for a total incubation time of 24 h. Immunoblot analysis of cell lysates was performed as described above. Cells treated with vehicle did not exhibit increased phosphorylation at any time point (24 h time point shown as an example). Data shown are representative of four independent experiments. (b) Cells were pulsed with various concentrations of 6-OHDA for the indicated times (2 h: X, 4 h: W, 6 h: B, 22 h: A), washed and placed in fresh DH10 for a total incubation time of 22 h. Cell injury was determined using the MTS viability assay. Each value represents the mean of triplicate wells^SEM. The experiment was performed independently three times, and a representative plot is illustrated. Fig. 5 Effect of the MEK inhibitor PD98059 upon 6-OHDA mediated ERK phosphorylation. B65 cells treated for 20 h with 500 mM 6-hydroxydopamine (6-OHDA) in the presence (1) or absence (±) of 50 mM PD98059 were lysed and equal amounts of protein (50 mg) were subjected to immunoblot analysis using antibody against the activated form of ERK (top, P-ERK). The blots were then stripped and reprobed with antibody against total ERK (bottom, T-ERK).
phosphorylation, B65 cells required the presence of 6-OHDA for at least 2±4 h (Fig. 4a) since shorter exposures did not result in sustained ERK activation. Similarly, a 2-h pulse with 6-OHDA resulted in cytotoxicity, although a 4-h incubation was necessary to elicit dose±response curves identical to longer treatments (Fig. 4b) . These experiments suggest that the pulse length that commits the cells to death correlates with the time it takes to achieve induction of the sustained phase of 6-OHDA elicited ERK-phosphorylation.
Inhibition of 6-OHDA-mediated ERK phosphorylation by PD98059 Sustained ERK phosphorylation secondary to 6-OHDA treatment could result from a variety of different mechanisms. Activation of upstream signaling molecules, inhibition of dephosphorylation, and inhibition of protein degradation have been previously observed as mediators of sustained ERK phosphorylation in different cellular contexts (Traverse et al. 1992; Runden et al. 1998; Hashimoto et al. 2000) . In an attempt to better de®ne the role of upstream activators of ERK in 6-OHDA-mediated sustained ERK phosphorylation, B65 cells were exposed to PD98059, an inhibitor of MEK 1/2, a dual potential protein kinase that is capable of directly activating ERK. As illustrated in Fig. 5 , the presence of 50 mm PD98059 substantially inhibited 6-OHDA-mediated sustained ERK phosphorylation, suggesting that 6-OHDA affects the signal transduction machinery upstream of MEK 1/2. The presence of PD98059 also inhibited the H 2 O 2 -induced activation of ERK (data not shown).
Inhibition of 6-OHDA-mediated cytotoxicity by PD98059
Although traditionally associated with responses such as differentiation or proliferation, recent reports have implicated sustained ERK activation in oxidative toxicity to primary cortical neurons and the hippocampal neuronal cell line HT22 (Stanciu et al. 2000) . In addition, compensatory up-regulation of neurotrophic factors or their receptors is a hypothetical possibility. In order to assess the role of ERK phosphorylation in 6-OHDA-mediated toxicity, B65 cells were exposed to 6-OHDA in the presence of PD98059. The presence of 50 mm PD98059 resulted in decreased B65 injury in response to 6-OHDA as determined by both MTS and LDH release assays (Figs 6a and b) . PD98059 had no effect on H 2 O 2 -mediated cell injury as determined by MTS (Fig. 6c) or LDH release assays (data not shown). These results support a role for sustained ERK phosphorylation in 6-OHDA cytotoxicity in this tyrosine hydroxylaseexpressing CNS neuronal cell line.
Discussion
Although the toxin 6-OHDA is utilized extensively in animal models of Parkinson's disease, the underlying mechanism of its toxic effects on dopaminergic neurons is Fig. 6 Effect of PD98059 on 6-OHDA-mediated cytotoxicity. Following overnight exposure of B65 cells to 655 mM 6-OHDA in the absence (white bar) or presence (hatched bar) of 50 mM PD98059, cytotoxicity was determined utilizing MTS (a) and LDH release (b) assays. Cells treated with 6-OHDA in the presence of 0.1% DMSO, the vehicle in which the inhibitor was dissolved (black bar), showed values similar to those lacking DMSO. PD98059 treatment had no effect upon the A 490 or total LDH values of ascorbate-treated control wells against which the other treatment conditions were normalized (A 490 values: 2.26^0. 06, untreated; 2.230 .08 PD98059 treated; total LDH values: 129^27 IU/mL, untreated; 132^23 IU/mL, PD 98059 treated). MTS data is a compilation of ®ve independent experiments and LDH release data is a compilation of three independent experiments. Data are expressed as the mean^SEM. Analysis by two-tailed Student's t-tests yielded p-values of , 0.05 (*). (c) Following overnight exposure of B65 cells to 1 mM H 2 O 2 in the absence (white bar) or presence (hatched bar) of 50 mM PD98059, cytotoxicity was determined utilizing a MTS assay. Cells treated with H 2 O 2 in the presence of 0.1% DMSO (black bar), showed values similar to those lacking DMSO. MTS data is a compilation of ®ve independent experiments, and is expressed as the mean^SEM ( p 0.75, two-tailed Student's t-test).
Sustained ERK activation by 6-hydroxydopamine 1063 not completely understood. As MAP kinase signaling cascades play important roles in neuronal survival and differentiation, this study was designed to investigate the effects of 6-OHDA upon activation of the ERK branch of the MAP kinase superfamily. A CNS-derived neuronal cell line was selected to generate a uniform population of tyrosine hydroxylase-expressing cells for cytotoxicity and immunoblot analysis. Using this model, two signi®cant ®ndings regarding potential mechanisms underlying 6-OHDA-mediated toxicity were observed. First, 6-OHDA, but not H 2 O 2 , elicits a dose-dependent sustained activation of ERK. Second, PD98059, inhibits 6-OHDA-elicited ERK phosphorylation, and confers protection from 6-OHDAmediated toxicity, but not H 2 O 2 toxicity. These results suggest a speci®c detrimental role of ERK phosphorylation in 6-OHDA-mediated toxicity.
ERK isoforms are activated by neurotrophic factors such as brain-derived neurotrophic factor or glial cell line-derived neurotrophic factor, both of which are neuroprotective for dopaminergic neurons (Frim et al. 1994; Choi-Lundberg et al. 1997) . While it has been well documented that ERK activation leads to favorable responses such as differentiation and neuroprotection, recent evidence has also implicated ERK in detrimental responses to oxidative stress. In neuroblastoma SH-SY5Y cells, sequential activation of both p38 and ERK contributes to peroxynitrite-induced apoptosis (Oh-hashi et al. 1999 ). An abnormal immunohistochemical staining pattern for phosphorylated ERK has also been observed in susceptible neurons from the brains of patients with Alzheimer's disease (Perry et al. 1999) . In several nonneuronal cell types, apoptosis and inhibition of DNA synthesis are associated with ERK activation (Tombes et al. 1998; Bhat and Zhang 1999; Ishikawa and Kitamura 1999) . In addition, recent studies in cell lines and primary cortical neurons suggest ERK activation may play a direct role in neuronal cytotoxicity (Stanciu et al. 2000) . Although kinase inhibitor studies must always be interpreted with caution as the compound may have effects on unrecognized signaling pathways, PD98059 exhibits strong in vitro selectivity for inhibiting MEK 1/2 (Alessi et al. 1995) . Since the development of sustained ERK phosphorylation correlates with commitment to death (Fig. 4) , and PD98059, which effectively blocks 6-OHDA-mediated ERK phosphorylation (Fig. 5) confers protection (Fig. 6) , this study offers additional support for the concept that sustained ERK phosphorylation can contribute to oxidative neuronal injury.
Two general patterns of ERK activation have been observed, transient and sustained (reviewed in Marshall 1995) . The divergent roles of ERK phosphorylation patterns are well illustrated in PC12 cells, where transient ERK activation by epidermal growth factor leads to cell proliferation but sustained ERK activation by nerve growth factor leads to nuclear translocation of ERK and differentiation (Traverse et al. 1992) . It is important to point out that, in these physiologic patterns of ERK activation, the transient component peaks at 2 min and returns to baseline by ,60 min, whereas the`sustained' component refers to elevation of ERK phosphorylation for 1.5±3 h. Much longer periods of ERK activation, as seen in this study, may prove detrimental, particularly in the setting of neuronal responses to oxidative stressors. For example, elevated ERK phosphorylation was reported in cortical neurons and a hippocampal cell line for 3±15 h in response to oxidative glutamate toxicity associated with glutathione depletion (Stanciu et al. 2000) . Sustained ERK phosphorylation secondary to phosphatase inhibition appears to selectively target certain susceptible neuronal populations (Runden et al. 1998) . This report is the ®rst to demonstrate an association between the redox cycling 6-OHDA and sustained ERK activation that is not down-regulated . 20 h following removal of the neurotoxin (Fig. 4a) .
A second interesting observation is that B65 cells demonstrate a biphasic response to 6-OHDA ( Fig. 3) with an initial robust ERK activation followed by a return towards baseline and a subsequent delayed, sustained ERK activation. The decrease in ERK phosphorylation at ,60±90 min is most prominent with lower doses of 6-OHDA, and this period of time may be associated with refractoriness to ERK activation by neurotrophic factors (CTC, unpublished observations). The previous reports of detrimental sustained ERK phosphorylation have not reported this early activation phase. Additional studies to de®ne the contributions of these phases of ERK phosphorylation to the detrimental effect observed in B65 cells are currently being pursued.
While the concentrations of 6-OHDA utilized in the present study are higher than the doses reported in recent reports of 6-OHDA-mediated toxicity in primary cultures (Eggert et al. 1999; Lotharius et al. 1999) , it is dif®cult to make direct comparisons between the experimental systems. Although highly enriched for neurons, primary cultures contain additional cell populations that may in¯uence the responsiveness of the target neuron population, which often comprises only 5% of the cells (Lotharius et al. 1999 ). In addition, there are differences in the length of exposure to the toxin and the methodology used to assess cell injury. Finally, our preliminary studies utilizing differentiated B65 cells suggest that cell cycle status may also in¯uence susceptibility to toxins.
Metabolism of 6-OHDA is complex and may generate several different reactive species. H 2 O 2 and superoxide have both been shown to modulate the activities of protein kinases and protein phosphatases in multiple systems (reviewed in Suzuki et al. 1997; Klann and Thiels 1999) . Although the kinetics of ERK phosphorylation in B65 differs between 6-OHDA, H 2 O 2 (Fig. 3) and xanthine\xanthine oxidasetreated cells (unpublished observation), we cannot rule out a potential role for H 2 O 2 and superoxide in 6-OHDA-mediated ERK activation based on the present studies. It is possible that intracellularly generated superoxide or interactions between H 2 O 2 and superoxide are important. Another potential 6-OHDA metabolite, dopamine quinone, is an electron-de®cient intermediate of dopamine metabolism that is capable of covalently modifying free or protein bound thiol groups. Modi®cation of cys118 of ras has been associated with direct ras activation (Lander et al. 1997) . Activation of a signaling molecule such as ras that lies upstream of ERK would be consistent with our ®ndings that PD98059, an inhibitor of MEK 1/2, is capable of attenuating 6-OHDA-mediated sustained ERK activation. Additional studies will be required to further evaluate the potential contributions of these metabolic intermediates and to better de®ne which members of the signal transduction cascade are responsible for 6-OHDA-mediated ERK activation.
Oxidative stress has been postulated to play a role in many neurodegenerative diseases (reviewed in Beal 1995) . Our study lends further support to other studies indicating an association between oxidative stressors and sustained ERK activation in neuronal cells (Runden et al. 1998; Stanciu et al. 2000) . While the relevance of these in vitro observations to in vivo situations is unclear, recent reports have described an abnormal pattern of activated ERK staining in pathologic states linked to increased oxidative stress. Increased levels of both total and activated ERK has been observed within atherosclerotic lesions of cholesterolfed rabbits (Hu et al. 2000) . An abnormal punctate staining pattern of activated ERK has also been described in susceptible neurons in the brains of patients with Alzheimer's disease (Perry et al. 1999) . While the status of ERK activation in patients with Parkinson's disease is currently unknown, the involvement of ERK in 6-OHDA toxicity suggests that abnormal ERK activation could contribute to mechanisms of neuronal cell death relevant to Parkinson's disease.
Only recently has it been appreciated that oxidative species such as H 2 O 2 and superoxide may play important roles in modulating signal transduction pathways (reviewed in Suzuki et al. 1997) . This study links the redox cycling neurotoxin 6-OHDA, which is commonly used in parkinsonian models, to an unusual biphasic pattern of sustained ERK phosphorylation. As dopamine itself can also undergo redox cycling, and high doses of dopamine can contribute to oxidative toxicity both in vivo and in vitro (Hastings et al. 1996; Luo et al. 1998) , similar mechanisms may contribute to enhanced susceptibility of dopaminergic neurons. As 6-OHDA can be identi®ed in the urine of both control and Parkinson's disease patients, and it is elevated in patients that have received levodopa (Andrew et al. 1993) , it is possible that these patterns of abnormal ERK activation can contribute to ongoing neuron loss and progression of Parkinson's disease. Identi®cation of the oxidative mechanisms involved and the members of the signal transduction cascade that are affected by 6-OHDA to yield sustained ERK activation would be important for understanding the molecular pathogenesis of neuronal loss relevant to Parkinson's disease and related neurodegenerative diseases.
